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The CoMoCAT processThe The CoMoCATCoMoCAT processprocess

SEM of SWNT entangled with catalystSEM of SWNT entangled with catalyst

• CO disproportionation ( 2 CO → C + CO2 )
• Fluidized bed for uniformity
• Moderate temperatures = 700 – 900 C
• Moderate pressures = 1 – 10 atm
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Mo retards the reactivity of Co towards COMo retards the reactivity of Co towards COMo retards the reactivity of Co towards CO

Temperature 
programmed reaction of 
oxidized Co and Co-Mo 

catalysts with CO
(Evolution of CO2)

3 CO + CoO → CoC + 2 CO2

CoC → Co  +  C

α CO + CoMoO4 → CoxMoyC + β CO2

CoxMoyC → Mo2C  + Co

Co/Silica: Co-Mo/Silica:

50 nm50 nm

Co/SiO2 Co-Mo/SiO2

Mo inhibits the sintering of CoMo inhibits the sintering of CoMo inhibits the sintering of Co
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The CoMoCAT productThe The CoMoCATCoMoCAT productproduct
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The CoMo catalystThe The CoMoCoMo catalystcatalyst

TEM CoMo catalyst 
(before reaction)

Silica Silica 
supportsupport

Dispersed 
Co Molybdate
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Calcined CoMo catalyst - Before ReactionCalcined Calcined CoMoCoMo catalyst catalyst -- Before ReactionBefore Reaction

Raman Spectroscopy

Bands at 930, 880 ,
820, and 350 cm-1 

typical of CoMoO4.

Co-Mo/SiO2

CoMoO4
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CoMoO4

Co-Mo/SiO2

SiO2X-ray Diffraction (XRD)

Small peak at 26º reveals the 
presence of highly dispersed 

CoMoO4

Temperature-Programmed 
Reduction (TPR)

Absence of reducible Co at low 
temperature indicates that all the 
Co is in close interaction with Mo.

Calcined CoMo catalyst - Before ReactionCalcined Calcined CoMoCoMo catalyst catalyst -- Before ReactionBefore Reaction
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TEM:
Attack of large CoMoO4 crystals 
by CO at 850ºC

Catalyst Transformation During ReactionCatalyst Transformation During ReactionCatalyst Transformation During Reaction

Before CO

After 1 min in CO
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X-ray Diffraction (XRD)
The 26º peak of CoMoO4 disappears upon 
exposure to CO at 850ºC

CoMoO4

Co-Mo/SiO2

SiO2

After CO at 850ºC 

EXAFS:
K-edge of Mo (Eo = 20,000 eV).
Mo-O bonds are converted to Mo-
Mo with the length of those in 
Mo2C

K-edge of Co (Eo = 7709eV)
Co2+ is converted to metallic Co(0)

Catalyst Transformation During ReactionCatalyst Transformation During ReactionCatalyst Transformation During Reaction
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EXAFS:
K-edge of Mo (Eo = 20,000 eV).
Mo-O bonds are converted to Mo-
Mo with the length of those in 
Mo2C

K-edge of Co (Eo = 7709eV)
Co2+ is converted to metallic Co(0)

Catalyst Transformation During ReactionCatalyst Transformation During ReactionCatalyst Transformation During Reaction
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 MoO3 4%
 Mo2C 9%
 Co 4%

Mo2C Mo2C

Mo2C

Co

XRD
Purified 
sample

XRD of purified samples 
shows the presence of
Mo2C and Co metal in residual
catalyst

• Step 1:  Carburization of the pre-reduced oxidic phase 
• Step 2:  Generation of active sites
• Step 3:  CO dissociation over the surface of the reduced Co cluster 
• Step 4:  Nucleation and growth of SWNT 
• Step 5:  Growth Termination 

• Catalyst Deactivation
• Hindrance Effect

Steps in the kinetic model of SWNT synthesisSteps in the kinetic model of SWNT synthesisSteps in the kinetic model of SWNT synthesis

SWNT growthcap nucleationcarburization

CoMoO4 CoMo(IV,VI)O4 Mo2C

Co

CO, 750 ºC

Mo2C Mo2C

Co Co
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Experimental measurement of SWNT growth rateExperimental measurement of SWNT growth rateExperimental measurement of SWNT growth rate

In the CO 
disproportionation 
reaction, the 
evolution of CO2 
equals the depsotion
of carbon:

2 CO → CO2 + C

The rate of CO2
evolution equals the 
SWNT growth rate

CO

CO + CO2

)1)(1(* ααα KkMdt
dr cCTcarb +−==

The rate of autocatalytic carburization is given by:

Carburization of the Co-Mo oxidesCarburization of the CoCarburization of the Co--Mo oxidesMo oxides

Cψ = kC (1+K)
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This initial CO2 evolution does 
not correspond to SWNT 
growth .

α CO + CoMoO4 → CoxMoyC + β CO2

CoxMoyC → Mo2C  + Co
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Model Fitting of Experimental DataModel Fitting of Experimental DataModel Fitting of Experimental Data
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CARBURIZATION

MCT = (0.53 mmol) compares very 
well with the amount resulting from 
the carbide stoichiometry (0.49 
mmol) 

The area under the SWNT growth (3.01 mmol) 
compares well with the experimental data obtained 
by TPO (3.05 mmol) 
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Control of catalyst and operating conditions allows us to producControl of catalyst and operating conditions allows us to produce e 
different grades of SWNT in a consistent and reproducible mannerdifferent grades of SWNT in a consistent and reproducible manner..
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B

C Controlled variations in 
catalyst and support 
composition

- Catalyst A
- Catalyst B
- Catalyst C

a) Activation rate is similar

b) Rate of growth 
termination dramatically 
varied

Rate Evolution as a Method for Catalyst ScreeningRate Evolution as a Method for Catalyst ScreeningRate Evolution as a Method for Catalyst Screening

Commercial Grades Produced by SWeNTCommercial Grades Produced by Commercial Grades Produced by SWeNTSWeNT

•Specialty Grade for 
Composites (SGC):
- developed for a 
strategic partner

•Standard CoMoCAT Grade 
(SG):
-Narrow diameter and 
chirality distribution 
(rich in (6,5))
- d ~ 0.8 nm

•Vertically aligned 
forests (FG)

small quantities

•Commercial Grade (CG):
- d ~ 0.9-1.1 nm
- Broader chirality

distribution
- Low-cost large scale

production (2008)
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Quality ControlQuality ControlQuality Control

• Definition of Quality:
– ISO 9000 - "Degree to which a set of inherent characteristic fulfills 

requirements“

• Working with Strategic Partners:
– Specify requirements for each specific customer
– Establish test methods to measure quality parameters
– Meet requirements consistently

• Continuous Improvement
– Determine relationship between process variables and quality 

parameters
– Implement changes in process that result in optimum quality parameters

Example of Specification for a CustomerExample of Specification for a CustomerExample of Specification for a Customer

• 3.1) Chemical Composition:  Chemical composition shall conform to the following percentages by 
weight, determined in accordance with one of the following methods:

– by wet chemical methods as described in Appendix A
– by Thermogravimetric Analysis as described in Appendix B
– by other analytical methods approved by Customer.

• The composition shall be as follows:
– Carbon: > XX %   - metals combined <XX %   Total of Other elements: < XX%

• 3.2) Thermogravimetric response:  A sample from each lot shall conform to the following requirements, 
when tested in accordance with the TGA procedure of Appendix B:

– Parameter T1:  >XX %              Residual Mass at 625C:  < XX %

• 3.3) Optical absorption: A sample from the lot shall conform to the following requirements, when tested 
in accordance with the TGA procedure of Appendix C:

– S2B:  > XX

• 3.4) Form: The material shall be in the form of a freeze dried powder, capable of being re-dispersed in 
aqueous detergent solution using horn sonication. The non-solid content shall be less than 2 wt% as 
determined by either the method of Appendix A, or by the mass loss in TGA (appendix B) below 210C

• 3.5) Packaging:   Material shall be packaged in sealed, re-sealable containers, so as to be protected 
from shipping damage and contamination, and so as to allow for removal of the material from the 
container to facilitate use.

• 3.5.1) Labeling:  Each material container shall be permanently labeled.  The label shall display at least 
the following information:

• - “Carbon Nanotube Powder”; Supplier name; - Specification number and revision; Lot number; Date of 
manufacture; Mass of material within container when shipped 
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The Raman quality parameter λ is defined 
as:

where:
D is the max height of the D band
G is the max height of the G+ band
B is the baseline, taken as the lowest 
point between the two bands.

λ is a measure of overall quality and 
particularly to the low levels of 
amorphous carbon relative to CNT.

λ = 1-(D - B
G - B )
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Parameter Definitions – Raman quality parameter λParameter Definitions Parameter Definitions –– Raman quality parameter λ

G+

D B

633 nm laser

The quality parameters from Optical 
Absorbance measurements are defined 
as:

S2B = (Total Resonance area
Total Background area)

P2B = ( Height of 6,5 S11 Peak

Height Peak Background
)

(6,5) S11

Important:  Graph as a function of 
energy, so background is 

approximately linear

(6,5) S22

Parameter Definitions – Optical Absorption S2B and P2BParameter Definitions Parameter Definitions –– Optical Absorption S2B and P2B
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Continuous Improvement Chart for SWeNT® SGContinuous Improvement Chart for SWeNTContinuous Improvement Chart for SWeNT®® SGSG
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Fluorescence / Optical Absorption
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- Identify nanotubes present in sample with Fluorescence.
- Determine population from S11 Absorption (deconvolution).

(n,m) species present in SG sample((n,mn,m) species present in SG sample) species present in SG sample

12000 11000 10000 9000 8000
0.00

0.05

0.10

0.15

0.20

0.25
900 1000 1100 1200

Peak Area Center Width Height
---------------------------------------------------------------------------
1 2.7053 11359 121.10 0.014222
2 1.3415 10870 64.662 0.013208
3 1.9163 10402 79.200 0.015403
4 118.30 10163 343.55 0.21922
5 16.911 9694.8 220.43 0.048839
6 6.7948 8886.8 152.57 0.028352
7 7.8393 8722.2 188.19 0.026519
---------------------------------------------------------------------------
Yoffset = 0
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4 1.1339E6 10171 211.30 3416.4
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Yoffset = 0
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633 nm laser

This is the
decomposition
Of the residual
Catalyst – not carbon

Parameter Definitions – Thermogravimetry (TGA)Parameter Definitions Parameter Definitions –– Thermogravimetry (TGA)

Parameters definitions:

A) % Peak 1:

After fitting TGA derivative 
profile with Gaussians.

B) T1:
% mass lost at T below first 

minimum or point of inflection

Note:  Position of first peak in 
derivative depends on type of SWNT 
and method used to dry sample.

T1 = 57.8
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Ash content is determined 
as the minimum value of 
the % weight between 900 
and 950°C

Parameter Definitions – Ash Content by TGAParameter Definitions Parameter Definitions –– Ash Content by TGA
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Before CentrifugationSonicationSonication in in 
NaDDBSNaDDBS --

SWNT SWNT 
dispersiondispersion

Recommendation:

Always specify:
Sonication method (Horn Vs. Bath) - pH of solution
Sonicator Power and Frequency - Cooling method
Liquid of Volume - SWNT concentration

Horn Sonicator:  20 KHz – 20 % amplitude  - cooling in ice

10 mg SWNT / 100 ml 

Parameter Definitions – SuspendabilityParameter Definitions Parameter Definitions –– Suspendability
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- There is a good correlation with TGA parameter (T1)

Parameter Definitions – SuspendabilityParameter Definitions Parameter Definitions –– Suspendability
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SummarySummarySummary

Kinetic model captures the main phenomena taking place during 
SWNT synthesis by the CoMoCAT method

• Carburization of the pre-reduced oxidic phase
• Generation of active sites
• CO dissociation over the surface of the reduced Co cluster
• Nucleation and growth of SWNT
• Growth Termination (Catalyst Deactivation, Hindrance Effect)

By varying catalyst and operating conditions around the same 
technology, four different commercial products have been developed 
(SG, SG-C, CG, FG)

Product quality is being defined, measured, and controlled in terms of 
requirements (quality parameters) agreed with specific customers.

Further refining/development of quality parameters (e.g. 
metallic/semiconducting ratio, nanotube length, etc.) is needed.  
Research on characterization, purification, (n,m) separation, etc.
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